T he radial nerve innervates muscles responsible for elbow, wrist, and thumb/finger extension, with triceps innervation originating high in the axilla. 8 We define proximal lesions of the radial nerve as injuries proximal to the humerus, including lesions within the posterior cord. All patients present with paralysis of wrist, thumb, and finger extension. Elbow extension is either preserved or not, depending on whether the site of injury is proximal or distal to the latissimus dorsi tendon where the first branch to the triceps-which innervates the triceps long head-originates.
T he radial nerve innervates muscles responsible for elbow, wrist, and thumb/finger extension, with triceps innervation originating high in the axilla. 8 We define proximal lesions of the radial nerve as injuries proximal to the humerus, including lesions within the posterior cord. All patients present with paralysis of wrist, thumb, and finger extension. Elbow extension is either preserved or not, depending on whether the site of injury is proximal or distal to the latissimus dorsi tendon where the first branch to the triceps-which innervates the triceps long head-originates.
Radial nerve grafting has been associated with good results. However, the initial excellent results obtained by Millesi 23 have not been reproduced in other series. 24 On the British Medical Research Council (BMRC) scale, Millesi 23 obtained an M5 level of recovery in 43% of his 38 patients. Recent series of radial nerve grafting at the arm level have generated variable outcomes, but less than ideal results.
1, 6, 26, 31, 34, 37 If, on the one hand, a large body of literature is available documenting the results of radial nerve grafting at the arm level, on the other hand, results of grafting for proximal lesions are largely unknown. Proximal injuries of the radial nerve are associated with high-energy trauma and humeral fractures, portending worse outcomes.
20,30
Very few reports have addressed proximal lesions of the radial nerve, 26, 31, 34 and none have separated postgraft strength recovery results for elbow, wrist and finger extension.
In the present paper, we report the outcomes in a series of 13 consecutive patients with proximal lesions of the radial nerve who underwent reconstructive surgery over a 3-year period.
shoulder dislocation and 4 had stretch injuries of the infraclavicular brachial plexus. Seven patients had triceps paralysis, in addition to paralysis of wrist, thumb, and finger extension. Six had a humeral fracture that required open reduction and internal fixation with plates and screws. One patient had clavicular nonunion that was repaired during the same operation as nerve reconstruction. Five of the 13 patients presented with associated injuries of other nerves, including the suprascapular nerve, lateral cord, and median nerve (Table 1 ). The ulnar nerve was preserved in every case.
With the patient under general anesthesia without muscle relaxants, the distal stump of the radial nerve was initially explored via an incision on the lateral arm, while the proximal stump was approached by means of an incision on the upper third of the medial aspect of the arm (Fig. 1) . The distal cable was dissected proximally, while the proximal cable was tracked distally to decrease graft length (Fig. 2) . The distal stump was transposed medially and subcutaneously in front of the distal third of the biceps. Nerve stumps were trimmed and the nerve gap was grafted using the sural nerve (Fig. 3) . Graft length averaged 12.5 cm (SD ± 2.8 cm). Nerve coaptation was performed using 9-0 monofilament sutures. In 3 patients after proximal and distal stump transposition, when the distal cable was short, a third 2-cm-long incision was necessary for microsurgical coaptation of the grafts with the distal stump (Fig. 4) . In 7 patients with triceps palsy and associated nerve injuries, surgery began with radial nerve dissection in the upper arm, followed by proximal dissection of the brachial plexus after detaching the pectoralis major muscle, which by the end of surgery was reinserted (Figs. 5 and 6). In 4 patients we needed to approach the plexus in the supraclavicular region, connecting the grafts to the posterior division of the upper trunk, plus/minus the middle trunk (Figs. 7 and 8; Cases 4, 7, 8, and 11 in Table  1 ). In all patients with triceps palsy, nerve grafts were attached proximal to the origin of the triceps branches.
After surgery, all patients used an arm sling for 1 week. If the pectoralis major had been deinserted and reinserted, an arm sling was used for 3 weeks. Postoperatively, patients were followed for at least 24 months. The average time to the final postoperative assessment was 35.5 months (SD ± 12.5 months). At final evaluation, patients underwent manual strength testing of elbow, wrist, thumb, and finger extension, which was scored using the 5-point BMRC scale (5/5, normal; 0/5, absent).
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We divided our patients into 2 groups to test for the influence of graft length and a longer time to final postoperative evaluation on the outcomes. We allocated those patients who achieved M4 wrist extension and either M3 or M4 thumb, and finger extension into Group 1. We allocated patients with worse outcomes into Group 2. The mean postoperative evaluation interval (months) and graft length (cm) were calculated for Groups 1 and 2 and compared using nonpaired Student t-tests; p < 0.05 was considered a statistically significant intergroup difference.
results
After grafting, all 7 patients with elbow extension palsy recovered elbow extension, scoring M4 for muscle strength. Six of the 13 patients recovered wrist extension at the M4 level, 6 at the M3 level, and 1 at M2. Thumb and finger extension scored M4 in 3 patients, M3 in 2, M2 in 2, and M0 in 6. Patient pre-and postoperative data are summarized in Table 1 .
Patients in Group 1, those with good outcomes, had a mean graft length and postoperative interval of 10.6 cm (SD ± 1.6 cm) and 37 months (SD ± 14 months), respectively. These values were not statistically different (p < 0.05) than corresponding means for Group 2, which were 13.6 cm (SD ± 2.9 cm) and 35 months (SD ± 12 months).
discussion patient characteristics
Six of our patients had radial nerve lesions within the posterior cord. We included these patients in our study because our goal in all patients was to reconstruct function by means of nerve grafts connecting interrupted radial nerve fibers to the radial nerve itself, using sural nerve grafts. Variations in the site of nerve injury were determined by where we identified a healthy proximal stump, which in all cases was found proximal to the medial border of the humerus. These lesions differ from those at the arm level, because longer distances mean that axons have not regenerated enough to reinnervate wrist, finger, and thumb extensors. Pan et al. 26 followed the same principle and classified these injuries to the radial nerve and posterior cord as Level I infraclavicular radial nerve injuries, with the site of actual injury occurring somewhere between the clavicle and the entrance of the spiral groove of the humerus.
Even though all our patients had a radial nerve injury proximal to the humerus, not all exhibited triceps palsy. This can be explained because of the proximal origin of the motor branch to the triceps long head, around the latissimus dorsi tendon. Roughly 8 cm separate the origin of the triceps long head motor branch from the humerus medial border. 8 Because this motor branch does not traverse the spiral groove, it may be protected from the stretch injury that commonly occurs with fractures of the humerus.
Ideally, all patients with radial nerve lesions should undergo grafting as early as possible, preferably within 3 months, and not longer than 12 months after the injury. Our patients underwent surgery an average of 6 months postinjury. They were not treated with surgery earlier because of multiple injuries, late referral, or socioeconomic issues.
Nerve grafting
In our series of 7 patients with triceps palsy, elbow extension reconstruction was predictably restored to an M4 strength level after nerve grafting from either the posterior division of the upper trunk or the posterior cord.
Wrist extension also was predictably restored by grafting. However, half of the patients only recovered M3 strength, which is not adequate for proper wrist function. When grasping an object, a patient with only M3 wrist extension loses that extension because the weight of the object overcomes it; consequently, the wrist drops, and the patient ultimately loses his grasp. With wrist flexion, grasp strength decreases by 60%. 21 Patients need at least M4 strength in their wrist extensors to maintain the wrist in an extended or neutral position while grasping an object to lift it. Following a radial nerve anesthetic block and evaluation of grip and wrist extension strength during the recovery period, Suzuki et al. 36 determined that recovery of half-normal wrist extension strength correlates with 70% of grasp strength, which prevents wrist flexion during maximal grasping. In our opinion, M3-level strength cannot be considered a good result for wrist extension reconstruction, as reported elsewhere.
24,31,34
Concerning thumb and finger extension, M3 is adequate power to function, because patients just need to spread their fingers apart slightly to grasp something; there is no need for strength because no motion is performed against resistance. In addition, by flexing the wrist, the finger span can be augmented via a tenodesis effect to compensate for limited recovery of active range of motion. However, even considering M3 to be a good result, only 5 of our 13 patients benefited from radial nerve grafting.
We obtained M4 wrist and thumb/finger extension in 2 patients who had no humeral plating (for repair of fracture) or associated injuries of the median or musculocutaneous nerve. Among the 6 patients who underwent humeral plating, only 1 recovered active thumb and finger extension. Combined nerve injuries and humeral fractures may be associated with more severe injuries, which may explain worse outcomes in these patients.
The length of sural grafts varied significantly across the 13 patients. However, when we compared graft length between patients with a good (Group 1) versus inadequate (Group 2) outcome, graft length was similar. The duration of our postoperative follow-up was not homogeneous because our goal was to have a minimum of 24 months of follow-up for all patients. However, when we compared patients with (Group 1) and without (Group 2) good outcomes, there also was no difference in the postoperative interval before final evaluation. Recognizing the limitations resulting from the small number of patients, it seems that graft length and longer postoperative follow-up did not influence outcomes.
Among the 13 patients, 5 had adequate results (i.e., wrist extension scoring M4 and thumb and finger extension scoring M3 or M4); these patients did not request additional surgery. Tendon transfers were performed in 3 patients for thumb and finger extension reconstruction. A free gracilis muscle was reinnervated by the pronator quadratus motor branch in 2 patients to enhance wrist extension. Three patients have not yet undergone secondary procedures.
Shergill et al. 34 defined high radial nerve injuries as those that occur proximal to the triceps branches. They defined good results as elbow extension scoring M4 or better, and wrist extension scoring M3 or better. They observed 4 good results in their 21 repairs. Using these criteria, 6 of our 7 patients with both a radial nerve and triceps palsy experienced a good result. After repair of 10 missile injuries of the proximal radial nerve, Roganovic and Petkovic 31 concluded that nerve grafting is ineffective, with none of their patients recovering any more than M3 strength. Unfortunately, it is not clear if the extension strength that was recovered was at the elbow, at the wrist, in the thumb and fingers, or in some combination. Pan et al. 26 reported on 39 patients with proximal lesions of the radial nerve, but failed to distinguish between M3-and M4-level recovery. They reported achieving M3 or better recovery of wrist extension in 80% of their patients; however, only 30% of their patients experienced the same degree of recovery in thumb or finger extension.
Ninety percent of our patients achieved wrist extension scores of M3 or better, and 40% scored M3 or better on thumb and finger extension. Despite the overall better results we observed in our series relative to the abovementioned reports, we judge our results to be less than ideal because of the limited recovery of strength in wrist, thumb, and finger extension.
alternatives to Nerve grafts
In patients in whom it is difficult to access the proximal stump of the radial nerve or the posterior cord because of scarring, open lesions, or vascular injuries, nerve transfers are a viable alternative to restore triceps function. Not infrequently with a posterior cord lesion, latissimus dorsi innervation is preserved and direct transfer of the thoracodorsal nerve can predictably restore elbow extension.
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Transfer of the nerve to the brachialis for triceps reconstruction has been reported by Bertelli and Ghizoni 6 in a patient with spinal cord injury. Transfer of fascicles of the ulnar nerve to triceps branches also has been reported to restore elbow extension. 15, 27 However, if a fascicle to the flexor carpi ulnaris (FCU) is used, the FCU may be weakened and unsuitable for tendon transfer for thumb and finger extension reconstruction in the future. The medial pectoral, phrenic, and 11th cranial nerves have been used for elbow extension reconstruction with variable results; however, to selectively reinnervate the triceps, a nerve graft was needed.
14, 16 Intercostal nerve transfers to triceps motor branches are successful in only about half of patients.
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Nerve transfers typically restore M4 wrist extension strength in patients with either a radial or brachial plexus palsy, and should be seriously considered for proximal lesions of the radial nerve, because grafting alone has yielded less than ideal results in our experience. Motor branches to the pronator teres, 18 quadratus, 9 and flexor digitorum superficialis (FDS) 29 have been successfully used to reinnervate the extensor carpi radialis brevis (ECRB) and the extensor carpi radialis longus (ECRL). Because the pronator teres 11 
and FDS
7,32 might be used as tendon transfers for wrist and finger extension reconstruction, we prefer to use the motor branch of the pronator quadratus. We believe that combining radial nerve grafting with a distal nerve transfer for reinnervation of the ECRB is valid, because grafts can reinnervate the ECRL, thereby increasing wrist power.
For thumb and finger extension reconstruction in radial nerve palsies, the motor branch of the flexor carpi radialis (FCR) has been used to reinnervate the posterior interosseous nerve (PIN).
12,18 García-López et al. 18 reported M3 or better results in all 5 of their patients with radial nerve lesions. However, Ray and Mackinnon 29 observed a less than ideal recovery in 7 of their 19 patients. Sacrificing the FCR is not without problems. If surgery fails for some reason, the only remaining option for thumb and finger extension reconstruction would now be tendon transfer of the FCU to the extensor digitorum communis (EDC) and extensor pollicis longus (EPL). In this situation, independent motion of thumb and finger extension cannot be restored. In radial nerve palsies, the palmaris longus (PL) is traditionally used to independently reanimate the thumb.
2 However, in cases of failed FCR motor nerve transfer with secondary transfer of the FCU tendon for thumb and finger extension reconstruction, the PL must be left undisturbed to preserve at least 1 wrist flexor. If all wrist flexors are sacrificed, when patients extend their fingers their wrist will extend concomitantly and involuntarily. In addition, the results of tendon transfers for thumb and finger extension are enhanced when the wrist can be actively flexed to 20°.
2 Another point to consider is that the PL is absent in one-third of individuals. 10 In such individuals, use of the FCR motor branch as a donor for nerve transfer is contraindicated, because this will prevent any FCU tendon transfer to the EDC if nerve repair fails.
Tendon transfers for radial nerve palsy consistently produce good results.
2, 11, 22, 32 It is possible that successful nerve transfers might provide better results than tendon transfers via more natural motion reconstruction and increased range of motion. However, for the moment the use of tendon transfers for the reconstruction of thumb and finger extension seems more reliable than the transfer of the FCR motor branch to the PIN. Nerve transfers have reliably restored thumb and finger extension when the nerve to the supinator is transferred to the PIN, with 1 partial failure in 21 treated patients with spinal cord or brachial plexus palsy. 3, 7, 38 However, in radial nerve palsy, the nerve to the supinator muscle is paralyzed and unavailable for transfer. The question is not whether nerve transfers provide reliable results for thumb and finger extension reconstruction, but whether the FCR is the best donor nerve. Further studies are needed to clarify this issue.
Combining strategies to reconstruct proximal radial nerve or posterior cord lesion palsies has recently been described. Oberlin et al. 25 reported using nerve transfers for triceps palsy reconstruction and tendon transfers for wrist/thumb and finger extension reconstruction. Bertelli and Ghizoni 4 and Plate et al. 28 have reported combining a nerve graft and distal nerve transfer for wrist extension reconstruction. In proximal radial nerve lesions with easy dissection of the proximal stump of the radial nerve, grafting plus transfer of the pronator quadratus motor branch to the ECRB is now our first choice. If elbow extension reconstruction is needed, grafting is a possibility. Transfer of the thoracodorsal or brachialis nerve to the triceps long and medial head motor branches is another viable alternative. In patients with no PL, an immediate tendon transfer for thumb and finger extension reconstruction might be considered, because this transfer also improves wrist extension.
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If reinnervation occurs after grafting, there is no impairment associated with a previous tendon transfer. Indeed, late reinnervation might improve the results of a tendon transfer.
conclusions
In proximal radial nerve injuries, the results of nerve grafting for wrist/thumb and finger extension are less than ideal. Combining nerve grafts with either nerve or tendon transfers is what we now recommend. 
